Introduction
============

Bladder cancer is a type of urogenital system tumor, which is commonly detected in the USA, of which 70% cases are superficial tumors and 30% represent muscle-invasive disease ([@b1-mmr-15-01-0153]). Every year \>386,000 patients are diagnosed with bladder cancer worldwide, resulting in a mortality rate of \>150,000 ([@b2-mmr-15-01-0153]). Despite advances in the field of surgery and chemotherapy for the treatment of bladder cancer, the recurrence rate in patients remains high ([@b3-mmr-15-01-0153]). In addition, the development of chemotherapy-induced side effects have also shown a high rate of incidence ([@b4-mmr-15-01-0153]).

Therefore, the identification of novel molecules for the treatment of bladder cancer and to reduce its rate of recurrence is desired. Certain substance have been identified, which exhibit a toxic effect on the growth of cancer cells by damaging DNA and inducing cell cycle arrest ([@b5-mmr-15-01-0153]--[@b7-mmr-15-01-0153]).

Caspase activation is an important process for inducing apoptosis and, based on their effects, they have been divided into two classes. Caspases are regarded to be key in apoptosis. To date, a total of 14 caspases have been identified, termed caspases 1--14. On the basis of their role in apoptosis, caspases are divided into initiator and effector caspases. The initiator caspases (caspase-2, −8, −9 and −10) are involved in the initiation of apoptosis and the activation of other caspases, whereas the effector caspases (caspase-3, −6 and −7) act on substrates to induce alterations in cellular biochemistry and morphology, which are characteristic of apoptosis ([@b8-mmr-15-01-0153],[@b9-mmr-15-01-0153]). Apoptosis, also termed programmed cell death, is generally induced either through an extrinsic or intrinsic pathway ([@b10-mmr-15-01-0153],[@b11-mmr-15-01-0153]). In the case of the intrinsic pathway, the factors responsible include damage to DNA, oxidative stress and the action of cytotoxic candidates within the cell ([@b11-mmr-15-01-0153]).

2-pyrones are cyclic, unsaturated compounds with a six-membered ring structure, isolated from bacterial, plant and animal sources ([@b12-mmr-15-01-0153],[@b13-mmr-15-01-0153]). 2-pyrones have shown a wide range of biological activities, including chemoprotective ([@b14-mmr-15-01-0153]), antifungal, cytotoxic, neurotoxic and phytotoxic properties ([@b15-mmr-15-01-0153]). In addition, 2-pyrones have been reported to exhibit anticancer and anti-human immunodeficiency virus (HIV) activities ([@b16-mmr-15-01-0153]--[@b18-mmr-15-01-0153]). The treatment of human leukemic cells with tricyclic 2-pyrones causes inhibition of DNA synthesis and cell proliferation ([@b19-mmr-15-01-0153]). The present study was designed to investigate the effect of 5-bromo-3-(3-hydroxyprop-1-ynyl)-2*H*-pyran-2-one (BHP) on alterations in cell cycle and the induction of apoptosis in T24 bladder cancer cells. The results demonstrated that BHP treatment caused cell cycle arrest and induced apoptosis in T24 cells through mitochondrial and c-Jun N-terminal kinase (JNK) signaling pathways.

Materials and methods
=====================

### Chemicals and reagents

BHP, MTT and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Propidium iodide (PI), Triton X-100 and trypan blue Dulbecco\'s modified Eagle\'s medium (DMEM) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

### Cell culture

The human bladder carcinoma T24 cell line was purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO~2~.

### Cell viability assays

The effect of BHP on the viability of the T24 cells was determined using an MTT uptake method. The cells, at a density of 2.5×10^5^ cells per ml per well, were distributed into 96-well plates and incubated with various concentrations of BHP (0, 2, 5, 8 and 10 µM) for 48 h at 37°C. Into each well, 10 µl of MTT solution was then added, followed by incubation for 2 h at 37°C. DMSO was added to each of the wells following replacement of the medium for dissolving the formazan crystals. An enzyme-linked immunosorbent assay was used to measure the absorbance values of each well at 565 nm.

### Determination of alterations in cell morphology

The cells, at a density of 2.5×10^5^ cells per ml per well, were distributed into 96-well plates and incubated with various concentrations of BHP (0, 2, 5, 8 and 10 µM) for 48 h at 37°C. Inverted fluorescence microscopy (Leica DMI4000B; Leica, Mannheim, Germany) was used to examine the alterations in cell morphology.

### Cell cycle analysis

Following incubation with the various concentrations of BHP, the T24 cells were collected, isolated and then fixed using 70% ethyl alcohol overnight at −20°C. The cells were then suspended in phosphate-buffered saline (PBS) supplemented with PI, RNase and Triton X-100 (0.1%) in the dark at 37°C for 45 min. For the analysis of cell cycle distribution, flow cytometeric analysis was performed (Beckman Coulter, Inc., Brea, CA, USA) using an argon ion laser at 455 nm.

### Staining with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI)

The T24 cells, at a density of 2.5×10^5^ cells per ml per well, were incubated with 0, 2, 5, 8 or 10 µM BHP for 48 h, which was followed by DAPI staining. A flow cytometer (Beckman Coulter, Inc.) was used to analyze and capture images of the cells.

### Determination of the generation of reactive oxygen species (ROS) and Ca^2+^

The T24 cells (2.5×10^6^ per ml) were treated with 0, 2, 5, 8 or 10 µM BHP for 48 h, harvested and placed in 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) in order to determine the generation of ROS. In order to determine the production of Ca^2+^, 1-\[2-amino-5-(6-carboxyindol-2-yl)phenoxy\]-2-(2′-amino-5′ methylphenoxy) ethane-*N*, *N*, *N*\', *N*\'-tetra acetic acid pentaacetoxymethyl ester (Thermo Fisher Scientific, Inc.) was used instead of the DCFH-DA. Following incubation for 45 min at 37°C, the cells were analyzed using a flow cytometer (Beckman Coulter, Inc.).

### Measurement of the mitochondrial membrane potential (MMP)

In the present study, Rh123, a cationic fluorescent dye, was used to analyze alterations in the MMP of the cells. For this purpose, Rh123 (Molecular Probes; Thermo Fisher Scientific, Inc.) was added to the cell cultures at a concentration of 2 µM at 37°C for 45 min. Following incubation, the cells were washed with PBS and confocal laser scanning microscopy (LSM 710; Zeiss, Oberkochen, Germany) was used to capture images of the cells. ImageJ 1.41o software (National Institutes of Health, Bethesda, MA, USA) was used to measure the intensity of the mean fluorescence.

### Western blot analysis

Following treatment with BHP, the T24 cells were washed with PBS and lysed in ice-cold lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM sodium orthovandate and 1 mM NaF. The cell lysates were centrifuged at 12,000 × *g* for 45 min at 4°C to collect the supernatant. A Bradford protein assay was used to determine the protein concentration. The proteins (40 µg) were separated using 12% SDS-PAGE and then transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked using 5% non-fat milk, followed by overnight incubation with primary antibodies at 4°C. The primary antibodies used were as follows: Cyclin E (1:1,000; cat. no. sc-377100), cell division cycle 25C (Cdc25c; 1:1,000; cat. no. sc-13138), p21 (1:1,00; cat. no. sc-6246), Bcl-2-associated X protein (Bax; 1:1,000; cat. no. sc-526), apoptosis-inducing factor (AIF; 1:1,000; cat. no. sc-5586), caspase-3 (1:1,000; cat. no. sc-7148), and poly(ADP-ribose) polymerase (PARP; 1:2,000; cat. no. sc-7150) all obtained from Santa Cruz Biotechnology, Inc., and phosphorylated (p)-p53 (1:50; cat. no. PA5-27822), B cell lymphoma-2 (Bcl-2; 1:200; cat. no. PA1-28275), caspase-9 (1:1,000; cat. no. KHZ0102) and caspase-8 (1:1,000; cat. no. MA1-41280) all obtained from Thermo Fisher Scientific, Inc., and endonuclease G (Endo G; 1:1,000; Koma Biotech, Seoul, Korea). Following incubation with primary antibodies, the membranes were washed with Tween and PBS and then incubated again for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody (1:3,000; Bio-Rad Laboratories, Inc., Hercules, CA, USA; cat. no. 170--6515). Electrochemiluminesence reagent (GE Healthcare Life Sciences, Amersham, UK) was used to analyze the bound antibody complexes and β-actin (1:1,000; Santa Cruz Biotechnology, Inc.; cat. no. sc-47778) served as an internal control. A gel imaging analysis system (Kodak ID; Kodak, Rochester, NY, USA) was used to analyze the bands.

### Confocal laser scanning microscopy for the assessment of protein translocation

The BHP-treated T24 cells (2.5×10^5^) were placed into glass bottom culture dishes (MatTek Corporation, Ashland, MA, USA) and cultured for 24 h. The culture medium was replaced with normal HEPES buffer containing 135 mM NaCl, 5.4 mM KCl, 1 mM MgCl~2~, 1.8 mM CaCl~2~, 5 mM HEPES and 10 mM glucose (pH 7.3). Following the elimination of CaCl~2~ or MgCl~2~, the fluorescence was monitored using a confocal laser scanning fluorescent microscope (LSM 410 invert; Carl Zeiss AG, Jena, Germany) at an argon excitation of 488 nm using a 515-nm-long pass barrier filter. All experiments were performed in triplicate at the room temperature.

### Statistical analysis

All experiments were performed three times and the data obtained was analyzed using SPSS version 12.0 (SPSS, Inc., Chicago, IL, USA). The values are presented as the mean ± standard deviation. For the evaluation of two groups, Student\'s t-test was used. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### BHP treatment induces alterations in morphology, decreases viability and arrests cell cycle in T24 cells

The investigation of the T24 cell growth, cell viability and cell cycle arrest revealed that BHP had concentration- and time-dependent effects. BHP exposure for 48 h induced significant changes in the morphology of T24 bladder carcinoma cells ([Fig. 1A](#f1-mmr-15-01-0153){ref-type="fig"}). Among the range of BHP concentrations between 2 and 10 µM used for treatment of the cells, the inhibition in growth and viability of T24 cells was significant at 8 µM following 48 h treatment. At the 8 µM concentration of BHP, the cell viability was reduced to 26%, compared with that of the control cells ([Fig. 1B](#f1-mmr-15-01-0153){ref-type="fig"}). Analysis of the cell cycle revealed a marked increase in the proportion of cells in the G0/G1 phase following treatment with BHP for 48 h, compared with the untreated cells ([Fig. 1C and D](#f1-mmr-15-01-0153){ref-type="fig"}).

### BHP treatment induces DNA damage and apoptosis in T24 cells

The results from the DAPI and Annexin V staining revealed that BHP treatment for 48 h induced the condensation of DNA in T24 cells. A reduction in the cell population and the induction of apoptosis in T24 cells were also observed following 48 h of treatment ([Fig. 2A and B](#f2-mmr-15-01-0153){ref-type="fig"}).

### BHP treatment enhances the production of ROS and Ca^2+^, and reduces the MMP in T24 cells

The effects of BHP on the generation of ROS and Ca^2+^, and on the MMP of the cells were investigated using 2, 5, 8 and 10 µM concentrations of BHP to treat the T24 cells. The results showed that exposure of the cells to 2 and 5 µM BHP induced a marked enhancement in ROS and Ca^2+^ generation ([Fig. 3A and B](#f3-mmr-15-01-0153){ref-type="fig"}), however, ROS remained constant at 8 and 10 µM. However, the MMP in the T24 cells was reduced significantly following 48 h of BHP exposure ([Fig. 3C](#f3-mmr-15-01-0153){ref-type="fig"}).

### BHP treatment induces the translocation of apoptotic protein in T24 cells

The results from the confocal laser microscopy revealed that the exposure of T24 cells to BHP for 24 h induced translocation of Endo G and AIF from the cell mitochondria into the nucleus ([Fig. 4A and B](#f4-mmr-15-01-0153){ref-type="fig"}). For confirmation of these findings, double-immunofluorescence labeling was performed, and the results obtained were in agreement with those of the confocal laser microscopy.

### BHP treatment induces the expression of apoptotic proteins in T24 cells

The results from the western blot analysis showed that treatment of the T24 bladder cancer cells with BHP enhanced the expression levels of p21 and p-p53, however, the expression levels of cyclin E and Cdc25c were reduced following BHP treatment ([Fig. 5A](#f5-mmr-15-01-0153){ref-type="fig"}). The exposure of T24 bladder cancer cells to BHP promoted the expression of proteins, including Bax, cleavage-caspases, AIF, Endo G and PARP, but reduced the expression of Bcl-2 in the cytoplasm ([Fig. 5A and B](#f5-mmr-15-01-0153){ref-type="fig"}).

Discussion
==========

2-pyrones, the cyclic, unsaturated compounds with a six-membered ring structure, exhibit potent anticancer and anti-HIV activities ([@b16-mmr-15-01-0153]--[@b18-mmr-15-01-0153]). In human leukemic cells, exposure to tricyclic 2-pyrones induces the inhibition of DNA synthesis and the rate of cell proliferation ([@b19-mmr-15-01-0153]). The present study was performed with the aim of demonstrating the effect of BHP on cell cycle and apoptosis in T24 bladder cancer cells.

The results obtained in the present study revealed that BHP treatment caused inhibition of cell growth in the T24 bladder cancer cells. Exposure of the bladder carcinoma cells to BHP resulted in arrest of the cell cycle in the G0/G1 phase of the cycle. This cell cycle arrest in the G0/G1 phase may have been due to the enhanced expression levels of p53 and p21, and the reduced expression levels of Cdc25c and cyclin E. Progression of the cell cycle is maintained by various factors, including cyclins, which are vital for the activation of protein kinases and caspases ([@b20-mmr-15-01-0153]). The results of the present study demonstrated that exposure of the bladder cancer cells to BHP treatment enhanced the activation of caspases. It also resulted in the secretion of AIF and Endo G from the mitochondria, and their translocation into the nucleus. These alterations induced a decrease in the MMP of the cells, suggesting that BHP treatment caused apoptosis in the bladder carcinoma cells through the mitochondrial pathway.

In order for alterations in membrane permeability of mitochondria and for caspase activation, factors belonging to the Bcl-2 family are involved ([@b21-mmr-15-01-0153]--[@b23-mmr-15-01-0153]). The present study demonstrated that BHP treatment enhanced the protein expression level of pro-apoptotic Bax and inhibited the protein expression of anti-apoptotic Bcl-2. The enhanced generation of ROS in response to anti-oxidant agents results in oxidative stress, cell cycle arrest and the apoptosis of cells ([@b24-mmr-15-01-0153],[@b25-mmr-15-01-0153]). The results from the present study revealed that BHP treatment enhanced the generation of ROS and Ca^2+^, and caused arrest of cell cycle in the G0/G1 phase in the T24 bladder cancer cells.

There are previous reports that the activation of JNK induces the expression of p21, Bcl-2-associated death promoter, Bcl-2 homologous antagonist/killer and tumor necrosis factor-α ([@b26-mmr-15-01-0153]--[@b29-mmr-15-01-0153]). However, the results from the present study revealed that BHP promoted the expression of these factors, suggesting the involvement of JNK in the BHP-induced cell cycle arrest and apoptosis in bladder carcinoma cells.

In conclusion, BHP treatment enhanced the activation of caspases and increased the production of ROS. It also resulted in DNA damage, reduced MMP, and increased secretion of endonuclease G and apoptosis-inducing factors from the mitochondria. This decreased the cell viability, induced arrest of the cell cycle in the G0/G1 phase and induced apoptosis in the bladder cancer cells. Thus, it is hypothesized that BHP may be a promising molecule in the chemoprevention or chemotherapy in human bladder cancer cells, and future research to investigate its effects are required.
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![Effect of BHP on T24 bladder carcinoma cell morphology and viability. The cells were incubated with 0, 2, 5, 8 and 10 µM of BHP for 48 h, followed by observations of (A) morphological alterations using phase-contrast microscopy (magnification, ×200) and (B) cell viability using an MTT assay. (C and D) BHP induced cell cycle arrest in the T24 cells, determined using flow cytometry. Values are presented as the mean ± standard deviation. \*P\<0.05 vs. the control group. BHP, 5-bromo-3-(3-hydroxyprop-1-ynyl)-2*H*-pyran-2-one.](MMR-15-01-0153-g00){#f1-mmr-15-01-0153}

![Treatment of T24 cells with BHP induces DNA damage and apoptosis. The cells were exposed to 0, 2, 5 and 10 µM of BHP for 24 h and examined for (A) DNA damage using 4,6-diamidino-2-phenylindole dihydrochloride staining, and for (B) apoptosis using Annexin V staining and flow cytometry. Values are presented as the mean ± standard deviation. \*P\<0.05 vs. the control group. BHP, 5-bromo-3-(3-hydroxyprop-1-ynyl)-2*H*-pyran-2-one.](MMR-15-01-0153-g01){#f2-mmr-15-01-0153}

![BHP treatment induces the generation of ROS and production of Ca^2+^, and decreases the membrane potential of mitochondria in T24 cells. T24 cells were exposed to BHP and the (A) generation of ROS, (B) Ca^2+^ and (C) alterations in membrane potential were determined. Values are presented as the mean ± standard deviation. \*P\<0.05 vs. the control group. BHP, 5-bromo-3-(3-hydroxyprop-1-ynyl)-2*H*-pyran-2-one; ROS, reactive oxygen species.](MMR-15-01-0153-g02){#f3-mmr-15-01-0153}

![BHP treatment alters the expression levels of Endo G and AIF in T24 cells. Following incubation with BHP, the T24 cells were stained with primary Endo G and AIF antibodies and then visualized using a confocal laser microscopic system. Magnification, ×200. BHP, 5-bromo-3-(3-hydroxyprop-1-ynyl)-2*H*-pyran-2-one; AIF, apoptosis-inducing factor; Endo G, endonuclease G.](MMR-15-01-0153-g03){#f4-mmr-15-01-0153}

![BHP treatment alters expression levels of cell cycle proteins and apoptosis-inducing proteins in T24 cells. The cells were exposed to various concentrations of BHP and subjected to western blot analysis for (A) cell cycle and (B) apoptotic proteins. Cdc25c, cell division cycle 25C; p-p53, phosphorylated p53; PARP, poly(ADP-ribose) polymerase; AIF, apoptosis-inducing factor; Bcl-2, B cell lymphoma-2; Bax, Bcl-2-associated X protein; Endo G, endonuclease G.](MMR-15-01-0153-g04){#f5-mmr-15-01-0153}
